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Abstract Piled embankments have been extensively used

for high-speed rail over soft soils because of their effec-

tiveness in minimizing differential settlement and shortening

the construction period. Stress concentration ratio, defined as

the ratio of vertical stress carried by pile heads (or pile caps

if applicable) to that by adjacent soils, is a fundamental

parameter in the design of piled embankments. In view of

the complicated load transfer mechanism in the framework

of embankment system, this paper presents a simplified

analytical solution for the stress concentration ratio of rigid

pile-supported embankments. In the derivation, the effects of

cushion stiffness, pile–soil interaction, and pile penetration

behavior are considered and examined. A modified linearly

elastic-perfectly plastic model was used to analyze the

mechanical response of a rigid pile–soil system. The ana-

lytical model was verified against field data and the results

of numerical simulations from the literature. According to

the proposed method, the skin friction distribution, pile–soil

relative displacement, location of neural point, and differ-

ential settlement between the pile head (or cap) and adjacent

soils can be determined. This work serves as a fast algorithm

for initial and reasonable approximation of stress concen-

tration ratio on the design aspects of piled embankments.

Keywords Piled embankments � Pile–soil interaction � Pile
penetration � Cushion � Rigid pile � High-speed railway

1 Introduction

High-speed railway network in China is the world’s longest

and most extensively used—with a total length of 37,900 km

by the end of 2020. Owing to the continuing development of

high-speed rail projects in China and other countries, track

substructures require careful attention to ensure the safe

delivery of passengers [1]. In the case of a high-speed rail

embankment, two major challenges may arise when weak

foundation soil occurs: low strength and high compress-

ibility of weak soils that poses geotechnical problems to

infrastructures and control of post-construction settlement

[2, 3]. Embankment reinforced with rigid piles has been

universally recognized as an effective solution to minimize

the settlement of weak subsoil, which contributes greatly to

deformation [4–7].

Typical piled embankment primarily comprises piles,

pile caps, an angular platform consisting of gravels and

geosynthetics (if applicable), and an overlying embank-

ment fill, as shown in Fig. 1. The law of stress redistribu-

tion among all these components can be complex owing to

the interactions within the earthwork system [8]. Extensive

investigations have been performed to elucidate the load

transfer mechanism of piled embankments (e.g., [9–11])

for design purposes. Some analytical and numerical models

[12–20] have been developed based on diversified

assumptions to account for the soil arching effect at the

base of embankments, classified into categories such as

limit equilibrium, frictional, and rigid models. However,

some fundamental factors may be overlooked in these

models (e.g., cushion layer, geosynthetic reinforcement,

and load transfer efficiency of pile–soil system) when

evaluating the mechanical behavior of piled embankments.

Hence, some theoretical methods [8, 21–23] have been

developed to analyze the pile–soil interaction below the
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base of embankments, which can be divided into two main

categories: semi-analytical method and closed-form solu-

tion. Although these approaches can be used to reveal the

deformation characteristics of piles and the surrounding

soil, they are not applicable when considerable loads are

anticipated under high fill [24]. In addition, the role of the

cushion layer, which is critical in interpreting the

mechanical behavior of foundation reinforced by rigid

piles, is ignored in some of the mentioned methods.

Stress concentration ratio is taken as a fundamental

parameter in design of piled embankments and is a key

indicator of the deformation and bearing capacity of

underlying reinforced foundation; however, few methods

are available for reasonably estimating its value. Combined

with recent advances in elucidating the load transfer

mechanism of piled embankments [25, 26], this paper

presents a novel analytical solution for predicting the stress

concentration ratio. The main advantages of the proposed

method over conventional methodologies include proper

consideration of cushion stiffness and pile penetration

behavior. Besides, a modified linearly elastic-perfectly

plastic model was employed to determine the shear resis-

tance and deformation at the pile–soil interface. Based on

the improved interface model, negative skin friction along

pile shafts can be captured, and more rational skin friction

distribution is obtained considering the variation of soil

stress level. The proposed method was verified against the

results of numerical analysis and field measurements from

two case histories.

2 Skin friction distribution

2.1 Pile–soil interface model

The mobilization of skin friction along the pile shaft pri-

marily depends on the shear characteristics of the pile–soil

interface. Numerous investigations have been conducted to

obtain the stress–strain relationship for the soil–structure

interface, providing theoretical descriptions such as expo-

nential, linearly elastic-perfectly plastic, hyperboloid, and

bilinear models. In this study, the linearly elastic-perfectly

plastic model was selected as the pile–soil interface model

owing to its computational simplicity and reasonable

accuracy [8, 21, 22, 27, 28].

Within the theoretical framework of the linearly elastic-

perfectly plastic model, two parameters, i.e., shear stiffness

(Ks) and ultimate shear strength of the soil–pile interface

(su), must be determined. Chen et al. [8] illustrated that

both parameters would increase with depth and lateral earth

pressure; however, an empirical formula [29] (see Eq. (1))

has been more widely used in many studies (e.g.,

[21, 22, 30]) to calculate Ks with the shear modulus of

surrounding soil (Gs) being a constant.

Ks ¼
su
Uz; c

¼ 2Gsl

r2p lnðrm=rpÞ
; ð1Þ

where Uz;c is the critical shear displacement; l and rp are

the values of pile length and radius, respectively; rm is the

influential radius of the pile in terms of soil domain. As

specified in Fig. 2a, Ks is independent of depth.

Base

Fig. 1 Profile of a rigid pile-supported embankment system for high-speed rail
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The results of shear tests on the sand–steel interface,

performed by Evgin and Fakharian [31], indicate that the

normal stress level is slightly related to Uz;c but is signif-

icantly related to the Ks. It appears more appropriate to

adopt a constant critical shear displacement in the formu-

lation of the elastic-perfectly plastic model [32–34]. In

addition, the sample size was reported to significantly

affect the critical shear displacement of a shear stress–

displacement curve obtained from direct shear tests [35].

Consequently, the concept of normalized shear displace-

ment, Uz=L (L represents the box dimension in the shear

direction), was introduced to eliminate the effect of sample

size in the determination of a representative critical shear

displacement, as shown in Fig. 2b. In general, the skin

friction between construction material and soil is governed

by material type, soil properties, and the roughness [36].

The parameters for describing the shear behavior at the

soil–structure interface are available in literature.

Considering the discussions above, a load transfer model

was established based on normalized shear displacement.

Hence, the modified shear stiffness (K
0
s) at the pile–soil

interface can be calculated by

K
0

sðzÞ ¼
suðzÞ
U 0

z; c

; ð2Þ

where U
0

z;c denotes the critical relative displacement at the

pile–soil interface per unit length; su zð Þ is the ultimate skin

friction as a function of depth (i.e., z), expressed by

suðzÞ ¼ ca þ K0ðczþ psÞ tanua; ð3Þ

where K0 is the lateral earth pressure coefficient; c is the

unit weight of adjacent soil; ps represents the vertical stress

applied to the soil mass; ca and ua correspond to the

adhesion and friction angle of the soil–pile interface,

respectively, which can be estimated using the strength

reduction method as follows (in case experimental data are

not accessible):

ca ¼ Rincs; ð4aÞ
tanua ¼ Rin tanus � tanus; ð4bÞ

where Rin is the strength reduction factor; cs and us are the

effective cohesion component and effective friction angle

of the adjacent soil, respectively. In general, the value of

Rin is 2/3 for sand–steel interface and 1/2 for the clay–steel

interface, and a rough interface results in a larger Rin.

2.2 Mobilization of skin friction

For a rigid pile-supported embankment, stress concentra-

tion occurs at the pile cap (or pile head) under an

embankment load. The pile cap would penetrate upward

into the cushion layer in extreme conditions, and a negative

skin friction can be anticipated along the upper portion of

the pile shaft. Below the neural plane, positive skin friction

is mobilized to resist the downward movement of the rigid

pile. Assuming that the pile–soil interaction follows the

linearly elastic-perfectly plastic model, pile tip penetration

occurs once the lower pile–soil interface reaches a critical

state. The pile basal resistance is then mobilized to coun-

teract the loads from the upper structure and the positive

skin friction. In general, the skin friction along the pile

shaft can be divided into three segments, corresponding to

I, II, and III in Fig. 3a. Within Segments I and III, the shear

behavior of the pile–soil interface has reached the plastic

stage, while the pile–soil interface undergoes an elastic

deformation in Segment II. It was assumed that U
0
z varied

linearly with depth in Segment II, which was consistent

with the findings of Chen et al. [8]. Therefore, the math-

ematical expression for U
0
z can be obtained as

(a)

Uz3 Uz2 Uz1

K
s u,3

u,2

u,1

K
s
=const.

U

τ

τ

τ

u,3

u,2

u,1

τ

τ

τ

τ τ

z

U'z,c=const.

U'z,c U'z

(b)

Fig. 2 Linearly elastic-perfectly plastic model for pile–soil interaction in two forms: a constant shear stiffness; b normalized critical shear

displacement as a constant
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U
0

z ¼

�U
0

1 ð0� z� l1Þ
z� l0
l0 � l1

U
0

1 ðl1 � z� l0Þ

z� l0
l2 � l0

U
0

2 ðl0 � z� l2Þ

U
0

2 ðl2 � z� lÞ

8
>>>>>>>><

>>>>>>>>:

; ð5Þ

where z is the depth (the elevation of the pile head as the

reference level); U
0
1 and U

0
2 are the critical relative dis-

placements per unit length related to the soil type and

properties of the pile surface, respectively; l is the pile

length; l1 and l2 are the locations of the demarcation point.

It is noteworthy that U
0
1 ¼ U

0
2 if the subsoil is

homogeneous.

According to the geometrical relationship in Fig. 3a, we

have

l0 � l1
l2 � l0

¼ U
0

1

U
0
2

: ð6Þ

Integrating for the area under the curve in Fig. 3a results

in an expression for the distribution of pile–soil relative

displacement (Uz), as graphically represented in Fig. 3b.

The pile–soil relative displacement at the pile head (Uz;H)

can be inferred as

Uz;H ¼ U
0

1

2
ðl1 þ l0Þ: ð7Þ

Combining Eqs. (2), (3), and (5) yields (see Fig. 3c)

sðzÞ ¼

�A� Bz ð0� z� l1Þ
Bz2 þ ðA� Bl0Þz� Al0

l0 � l1
ðl1 � z� l0Þ

Bz2 þ ðA� Bl0Þz� Al0
l2 � l0

ðl0 � z� l2Þ
Aþ Bz ðl2 � z� lÞ

8
>>>>>><

>>>>>>:

; ð8Þ

where A ¼ ca þ K0pstanua and B ¼ K0ctan ua.

3 Stress concentration ratio

3.1 Element selection from a piled embankment

system

It is typical to use geosynthetic basal reinforcement in piled

embankments for high-speed rail. Several studies have

suggested that geosynthetic reinforcement has limited

effect on both the stress concentration ratio and maximum

settlement of an embankment when the tensile stiffness of

the geosynthetic material is less than 860 kN/m [9, 37] or

when the pile spacing is sufficiently close [38]. However,

some researchers [12, 13, 39] argued that geosynthetic

reinforcement is crucial for determining the stress con-

centration ratio. Given the abovementioned controversy

and China’s TB 10001–2016 design code, this paper

focuses on the pile–soil interaction in the following sec-

tions; therefore, necessary simplifications will be per-

formed regarding soil arching and the effect of

geosynthetic reinforcement.

The pile groups are generally arranged in a regular

spacing pattern, and the pile spacing is significantly smaller

compared with the span of an embankment. The perfor-

mances of a pile–soil system under an embankment load

can be treated as the same, except for those beneath the

slope [40, 41]. Therefore, a cylindrical unit cell was

introduced, as shown in Fig. 4. The equivalent diameter

de ¼ 2b representing the affected region can be calculated

by [42]

de ¼ 2b ¼ cgS; ð9Þ

where b is the equivalent radius of a cylindrical unit cell; S

denotes the pile spacing; cg represents the shape factor of

1.05 and 1.13 for triangular and square arrangements,

respectively.

The following assumptions and simplifications were

made in the derivation of the analytical solution:

Fig. 3 Profiles of relative displacement per unit length (a), relative displacement (b), and skin friction (c) on the pile shaft
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(a) A one-dimensional compression problem is consid-

ered for the system.

(b) The embankment load is treated as a uniformly

distributed vertical load, p.

(c) The pressures acting on the pile cap and soil mass are

uniformly distributed (closely spaced plies).

(d) The pile configurations are identical, and a linear

elastic and isotropic material is used for the pile.

(e) The penetration resistance at the pile cap and pile tip

varies linearly with the penetration level. Nonlinear

behavior and punching shear failure of cushion, and

retraining effect of geosynthetics reinforcement in

high fill conditions are not involved.

(f) The foundation is regarded as a perfectly elastoplastic

material, and the self-weight of the rigid pile is

ignored.

Based on the assumptions, a relationship can be estab-

lished among p, pp, and ps (see Fig. 4b):

p ¼ mcppp þ ð1� mcpÞps; ð10Þ

where pp and ps denote the pressure on the pile cap and soil

surface beneath the cushion layer, respectively; mcp ¼
Acp= Acp þ Acs

� �
defines the area percentage for the pile

cap; Acp and Acs are the cross-sectional areas of the pile cap

and projected area of soil, respectively.

3.2 Stress and deformation of pile and soil

As demonstrated in Fig. 5, elements of the pile and soil

mass having a thickness of dz were considered for

mechanical analysis. The force equilibrium equations

yields

drpðzÞ
dz

¼ � 2

a
sðzÞ

drsðzÞ
dz

¼ a

b2
sðzÞ

8
><

>:
; ð11Þ

where a represents the pile shaft diameter; b denotes the

outer diameter of the soil element; rp and rs are the ver-

tical stresses of the pile and soil, respectively.

Substituting Eq. (8) in Eq. (11) and then integrating

Eq. (11) on both sides with respect to the variable z yields

Fig. 4 Selected element for the analysis of pile–soil interaction: a top view at the elevation level of pile cap; b area calculation in terms of pile

cap, pile head, and surrounding soil
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rpiðzÞ ¼

B
a z

2 þ 2A
a zþ C1 ði ¼ 1Þ

� 2
aðl0�l1Þ

B
3
z3 þ A�Bl0

2
z2 � Al0z

� �
þ C2 ði ¼ 2Þ

� 2
aðl2�l0Þ

B
3
z3 þ A�Bl0

2
z2 � Al0z

� �
þ C3 ði ¼ 3Þ

� B
a z

2 � 2A
a zþ C4 ði ¼ 4Þ

8
>>><

>>>:

;

ð12Þ

rsiðzÞ ¼

� aB
2b2 z

2 � aA
b2 zþ C5 ði ¼ 1Þ

a
b2ðl0�l1Þ

B
3
z3 þ A�Bl0

2
z2 � Al0z

� �
þ C6 ði ¼ 2Þ

a
b2ðl2�l0Þ

B
3
z3 þ A�Bl0

2
z2 � Al0z

� �
þ C7 ði ¼ 3Þ

aB
2b2

z2 þ aA
b2
zþ C8 ði ¼ 4Þ

8
>>><

>>>:

;

ð13Þ

where rpi and rsi are the vertical stresses of the pile

and soil, respectively; C1�C8 are integral constants;

subscript i ¼ 1; 2; 3; 4 corresponds to the depth

z 2 0; l1ð Þ; l1; l0ð Þ; l0; l2ð Þ; l2; lð Þ, respectively.
Integrating Eq. (12) yields

wpu ¼
Z l1

0

rp1ðzÞ
Ep

dzþ
Z l0

l1

rp2ðzÞ
Ep

dz

¼ Bðl40 � l41Þ þ 4Aðl30 � l31Þ
6aðl0 � l1ÞEp

þ C1l1 þ C2ðl0 � l1Þ
Ep

;

ð14aÞ

wpb ¼
Z l2

l0

rp3ðzÞ
Ep

dzþ
Z l

l2

rp4ðzÞ
Ep

dz

¼ �ð3Aþ BlÞl2
3aEp

þ Bðl42 � l40Þ þ 4Aðl32 � l30Þ
6aEpðl2 � l0Þ

þ C3ðl2 � l0Þ þ C4ðl� l2Þ
Ep

; ð14bÞ

where wpu and wpb represent the compressive deformation

of the pile shaft above and below the neutral plane,

respectively; Ep is the elastic modulus of the pile material.

Similarly, integrating Eq. (13) yields the expression for

the compressive deformation of soil mass above and below

the neutral plane, wsu and wsb, respectively:

wsu ¼
Z l1

0

rs1ðzÞ
Es

dzþ
Z l0

l1

rs2ðzÞ
Es

dz

¼ � aBðl40 � l41Þ þ 4aAðl30 � l31Þ
12b2ðl0 � l1ÞEs

þ C5l1 þ C6ðl0 � l1Þ
Es

;

ð15aÞ

wsb ¼
Z l2

l0

rs3ðzÞ
Es

dzþ
Z l

l2

rs4ðzÞ
Es

dz

¼ ð3Aþ BlÞal2
6b2Es

� aBðl42 � l40Þ þ 4aAðl32 � l30Þ
12b2Esðl2 � l0Þ

þ C7ðl2 � l0Þ þ C8ðl� l2Þ
Es

; ð15bÞ

where Es is the constrained modulus of adjacent soil. For

layered soil, Es can be estimated by [43]

Es ¼
1

l

Xn

i¼1

Esihi; ð16Þ

where Esi and hi are the constrained modulus and thickness

of the corresponding soil layer, respectively.

3.3 Boundary and compatibility conditions

Following the previous assumptions, the penetration of the

pile head/cap (xpu) and pile tip (xpb) can be obtained as

xpu ¼ Cc rpðzÞ � rsðzÞ
� �

jz¼0; ð17aÞ

xpb ¼ Cr rpðzÞ � rsðzÞ
� �

jz¼l; ð17bÞ

where Cc and Cr are the flexibility factors (m/kPa) for the

cushion layer and substratum, respectively. They reflect the

effect of the cushion layer on the mechanical performance

Fig. 5 Schematic of force equilibrium analysis (a) for a given pile element (b) and soil element (c) under one-dimensional compression
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of the pile–soil system. According to Eqs. (12) and (13),

rp lð Þ and rs lð Þ can be determined as follows:

rpðlÞ ¼ �B

a
l2 � 2A

a
lþ C4

rsðlÞ ¼
aB

2b2
l2 þ aA

b2
lþ C8

8
><

>:
: ð18Þ

The stress boundary conditions for the pile and soil mass

at the elevation level of the pile cap (z ¼ 0) can be

expressed as (referring to Fig. 4)

rpð0Þ ¼
ppAcp

Ap

¼ ppmcp

mp

rsð0Þ ¼
psAcs

As

¼ psð1� mcpÞ
ð1� mpÞ

8
>><

>>:

; ð19Þ

where mp ¼ Ap= Ap þ As

� �
is defined as the ratio of the pile

head area to the total area; Ap and As are the cross-sectional

areas of the pile shaft and surface area of the adjacent soil,

respectively.

The pile penetration at the elevation of the cushion layer

(z ¼ 0) is equal to the relative displacement between pile and

the adjacent soil of z ¼ 0. Combining Eqs. (7) and (17) yields

rpð0Þ � rsð0Þ ¼ U
0
1

2Cc

ðl1 þ l0Þ: ð20Þ

The following equations can be obtained as per

compatibility conditions for Eqs. (12) and (13):

rp1ðl1Þ ¼ rp2ðl1Þ; rp2ðl0Þ ¼ rp3ðl0Þ; rp3ðl2Þ ¼ rp4ðl2Þ;
rs1ðl1Þ ¼ rs2ðl1Þ; rs2ðl0Þ ¼ rs3ðl0Þ; rs3ðl2Þ ¼ rs4ðl2Þ:

ð21Þ

Given the dimensions and physical properties of the

cushion layer, the compressive deformation of the cushion

layer is not evaluated in deriving the displacement

compatibility equations. However, it is noteworthy that

the deformation effect of the cushion layer on the behavior

of the pile–soil system can be observed in Eq. (17), in the

form of a counter force acting on the pile cap. Based on the

displacement compatibility condition (Fig. 6), the following

can be inferred:

wsu þ wsb ¼ ss1 � ss2

wpu þ wpb ¼ sp1 � sp2

ss1 ¼ sp1 þ xpu

sp2 ¼ ss2 þ xpb

8
>>><

>>>:

; ð22Þ

where ss1 and sp1 are the settlements of the soil surface and

pile cap, respectively; sp2 and ss2 denote the settlements of

the pile tip and upper surface of the substratum,

respectively. Because no differential settlement occurs at

the neural plane, the transformation of Eq. (22) yields

wsu � wpu ¼ xpu; ð23aÞ

wsb � wpb ¼ xpb: ð23bÞ

3.4 Solution for stress concentration ratio

In summary, 13 variables must be determined, i.e., integral

constants C1�C8 from Eqs. (12) and (13); and l1, l0, l2, ps,

and pp. They can be solved analytically based on Eqs. (6),

(10), (19)–(21), and (23) because the system is consistent.

These 13 equations are highly nonlinear, rendering it

challenging to solve using an explicit method. Conse-

quently, reducing the number of unknown variables

becomes top priority; in fact, C1�C8, ps, and pp can be

expressed by l1, l0, and l2. Subsequently, a numerical

technique known as the Newton–Raphson method is used

to solve the system of equations. The general procedure is

as follows:

i. Combining Eqs. (10), (19), and (20) yields

pp ¼
mpp

mcp

þ mpU
0

1 ð1� mpÞðl1 þ l0Þ
2Ccmcp

ps ¼
ð1� mpÞp
1� mcp

� mpU
0
1 ð1� mpÞðl1 þ l0Þ
2Ccð1� mcpÞ

8
>>><

>>>:

; ð24Þ

ii. Substituting Eqs. (12) and (13) in Eqs. (19) and (21),

respectively, and then combining them with Eq. (24)

yields the expressions for C1�C8 in terms of l1, l0, and

l2.

iii. Substituting Eqs. (14a), (15a), and (17a) in Eq. (23a)

yields the first equation of system.

iv. Substituting Eqs. (14b), (15b), and (17b) in Eq. (23b)

yields the second equation of system.

v. Eq. (6) is the third equation of system; the combination

of the three equations is then solved using the

commercial software MATHEMATICA.

Stress concentration ratio is defined as follows [9]

n ¼ pp
ps

: ð25Þ

Substituting Eq. (24) in Eq. (25) yields

n ¼ mpð1� mcpÞ
mcpð1� mpÞ

1þ 1
2Ccp

U
0
1
ðl1þl0Þ

� mp

2

4

3

5: ð26Þ

Some observations from Eq. (26) are made:

(a) A small embankment load (p) results in l0 þ l1 ! 0,

consequently, n approaches 1.0. This is consistent

with field observations because the differential set-

tlement between the pile and soil is limited under a

light load owing to the cushion layer.

(b) When the embankment load is extremely heavy

ðp ! 1Þ, n approaches 1.0. This can be attributed
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to that the foundation settlement becomes extremely

large as the pile group reaches a failure state, and the

effect of stiffness difference between the pile and soil

on the mechanical response of the pile–soil system is

less pronounced.

(c) When the cushion layer is completely flexible

ðCc ! 1Þ, n approaches 1.0 without pile cap.

4 Case study

Two cases obtained from the literature were used to vali-

date the proposed analytical solution. Case 1 was reported

by Zhang et al. [44], and Case 2 was numerically per-

formed by Chen et al. [8]. The parameters required in the

analysis of the two cases are summarized in Table 1. The

load share ratio was used in abovementioned documents,

defined as the proportion of total embankment load carried

by the piles. A relationship is established between and

stress concentration ratio (n) as follows:

Rp¼
1

1þ 1�mcp

n�mcp

� 100%: ð27Þ

An alternative approach was used for identifying

parameters K0, U
0
1, U

0
2, Cc, and Cr, which are unavailable

from the literature. The value of was estimated based on

[45] or can be obtained through a back analysis of direct

shear test results [31, 46–49], ranging from 0.1% to 2% for

various soil types. Cc and Cr were estimated using the

empirical formulae reported by Wu et al. [50] as follows:

Cc ¼
hc
Ec

; ð28Þ

Cr ¼
ð1� v2r Þn

ffiffiffiffiffi
Ar

p

Er

; ð29Þ

where hc and Ec are the thickness and constrained modulus

of the cushion layer, respectively; n is an empirical coef-

ficient (0.8 for soft soil and 1.2 for stiff soil); Ar is the

cross-sectional area of the pile tip; Er and vr represent the

constrained modulus and Poisson’s ratio for the stratum,

respectively.

4.1 Case 1

Zhang et al. [44] reported a field test performed on piled

embankments over silty clay of medium compressibility.

The embankment has been reinforced by cement-fly ash-

gravel (CFG) piles and a geogrid layer over pile caps. Field

measurements presented little tension in the geogrid layer,

approximately 8–10 kN/m. The geosynthetic reinforcement

contributed little to the load redistribution on the pile cap

and soil surface beneath the cushion layer. The results of

two test sections, G1 and G3, were used in this study for

validation. It is noteworthy that all piles were floating and

arranged in an equilateral triangular pattern with a circular

cap.

Fig. 6 Schematic of displacement compatibility given the pile penetration under applied loads
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Figure 7 demonstrates the comparisons between the

computed and measured values of the load share ratio from

Sections G1 and G3. Three specifications were involved,

namely Britain’s BS8006 design code, Nordic handbook

(NGG) [19], and EBGEO [51]. It is clear that the proposed

method yielded satisfactory predictions, while the

remaining methods generally overestimated the value of

Rp. The primary causes were that some fundamental factors

for the mechanism of load transfer, such as pile penetration

behavior and skin friction distribution, have been included

in the analytical solution. In addition, different approaches

to account for the function of the cushion layer have

Table 1 Parameters of interest in the analysis for Cases 1 and 2

Material Physical and mechanical properties N.G.

Values Method

Case 1 Embankment hf =11.5 m (G1), 12.2 m (G3); p = 230 kPa (G1), p ¼ cf � hf
cf =20 kN/m3 244 kPa (G3)

Cushion hc =0.5 m; cc =20 kN/m3; Cc = 1.67910-5 m/kPa Eq. (28)

Ec=30 MPa

Pile l=8 m (G1), 12 m (G3); b=0.945 m (G1), Eq. (9)

S=1.8 m (G1), 2.0 m (G3); 1.05 m (G3)

d=0.5 m; dcap=1.0 m;

Ep=20 GPa

Adjacent soil hs=8 m (G1), 12 m (G3); ca=21 kPa Eq. (4a)

cs=19.0 kN/m3; cs=30 kPa; ua=24.5� Eq. (4b)

us=35�; Es=30 MPa; vs=0.35 U
0

1 ¼ U
0

2 =2.5% Interface shear test

K0=0.70 [45]

Substratum H=12 m; csb =19.0 kN/m3; Cr =1.61910-5 m/kPa Eq. (29)

csb =30 kPa; usb=25�;
Esb=30 MPa; vsb=0.35

Case 2 Embankment hf =4 m; cf =20 kN/m3 p = 80 kPa

Cushion hc =0.5 m; cc =20 kN/m3; Cc = 1.67910-5 m/kPa Eq. (28)

Ec=30 MPa

Pile l=20 m; d=0.4 m; S=2.5 m; b = 1.41 m Eq. (9)

dcap=1.13 m; Ep=35 GPa

Adjacent soil hs=20 m; cs=17.5 kN/m3; ca = 10.5 kPa Eq. (4a)

cs=15 kPa; us=9�; Es=2.2 MPa; ua = 6.3� Eq. (4b)

vs=0.35 U
0
1 ¼ U

0
2=1.4% Interface shear test

K0=0.65 [45]

Substratum H=5 m; csb =17.5 kN/m3; Cr ¼ 1.27910-4 m/kPa Eq. (29)

csb =15 kPa; usb=9�;
Esb =2.2 MPa; vsb=0.35

N.G. = Not given in reference; hf = height of embankment; cf = unit weight of fill; p = embankment load; hc = cushion height; cc = unit weight of

cushion; Ec = constrained modulus of cushion; Cc = flexibility factor of cushion; l = pile full length; d = pile diameter; S = pile spacing; Ep =

Young’s modulus of pile; dcap = diameter of pile cap; b = radius of analysis element; hs = thickness of soil between piles; cs = unit weight of

surrounding soil; cs = effective cohesion of adjacent soil; us = effective friction angle of adjacent soil; vs = Poisson’s ratio of adjacent soil; ca =

adhesion of pile–soil interface; ua = friction angle of pile–soil interface; Es = constrained modulus of surrounding soil; U
0

1;U
0

2 = ultimate relative

pile–soil displacement per unit length; K0 = lateral earth pressure coefficient; csb = unit weight of substratum; csb = effective cohesion of

substratum; usb = effective friction angle of substratum; Esb = constrained modulus of substratum; vsb = Poisson’s ratio of substratum; Cr =

flexibility factor of substratum. G1 to G3 denote different test sections.
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significantly affected the computed results, at least in the

case of a high embankment. Generally, the present method

demonstrates promise in determining stress concentration

ratio in engineering practice.

4.2 Case 2

In the second scenario, a numerical simulation [8] was

performed on a rigid pile-supported embankment without

geosynthetic reinforcement over soft soil based on the

commercial software PLAXIS. An axisymmetric model

was established to represent the unit cell introduced in

Fig. 4, i.e., a cylindrical soil column incorporating a single

pile. Other details regarding the development of the

numerical model can be found in [8].

The results of numerical simulation, Chen’s method [8],

and the analytical solution in this study were compared in

terms of the skin friction distribution along the pile shaft

(Fig. 8). The skin friction varied similarly for all three

methods, and the distribution pattern was consistent with

the concept of three segments introduced in Fig. 3. Com-

pared with Chen’s method, the present method agreed well

with the simulation results when the ultimate state reached

the pile–soil interface.

Figure 9 demonstrates the profile of relative displace-

ment between the pile and adjacent soil from the analytical

solution. The pile penetrations at the head and tip are 9.52

and 14.28 mm, respectively. Based on Eqs. (22) and (23),

the differential settlement at the pile cap can be obtained

as 23.8 mm, similar to the results of numerical analysis

(20.0 mm) and Chen’s method (24.0 mm). The load share

ratio (Rp) and elevation level of the neutral plane are pre-

sented in Table 2, which allows the present solution to be

validated.

Fig. 7 Measured values vs. computed values for the load share ratio (Rp) in Sections G1 (a) and G3 (b)
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Fig. 8 Comparison of calculated distributions of skin friction along

the pile shaft [8]
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5 Concluding remarks

A simple analytical framework was presented for estimat-

ing the stress concentration ratio of piled embankment

considering the mechanical response of pile–soil system.

Two application scenarios reported in existing literature

were used to validate the proposed method. The following

conclusions were obtained:

(1) The fast algorithm provided rational estimations for

the load share ratio, skin friction distribution, location

of neural plane, and differential settlement between

the pile cap and the adjacent soils.

(2) The pile–soil interaction, stiffness of cushion layer,

and pile penetration behavior were crucial for the

identification of stress concentration ratio of piled

embankments.

(3) The current method offers benefits such as easy

access of parameters with clear physical meanings,

affording well understanding of the impact of cushion

stiffness on stress concentration ratio, and the

consideration of pile–soil interaction.

Although the present algorithm yielded reliable predic-

tions, it should only be treated as a simplified approach and

a general guide to the field response. Future work is to deal

with arching and an advanced model for geosynthetic

reinforcement, and reduce the assumptions and simplifi-

cations to handle more complex situations. Despite such

limitations, this study serves as a fast algorithm for the

determination of stress concentration ratio on the design

aspects.
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